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Abstract
In the frame of a systematic study of excitation functions of deuteron induced reactions the excitation functions of the
133Cs(d,x)133m,133mg,131mgBa, 134, 132Cs and 129mXe nuclear reactions were measured up to 40 MeV deuteron energies
by using the stacked foil irradiation technique and γ-ray spectroscopy of activated samples. The results were compared
with calculations performed with the theoretical nuclear reaction codes ALICE-IPPE-D, EMPIRE II-D and TALYS
calculation listed in the TENDL-2014 library. A moderate agreement was obtained. Based on the integral yields
deduced from our measured cross sections, production of 131Cs via the 133Cs(d,4n)131Ba −→ 131Cs reaction and 133Ba
via 133Cs(d,2n) reactions is discussed in comparison with other charged particle production routes.
Keywords: 133Cs targets, proton induced reactions, experimental cross sections, model calculations,
133m,133mg,131mgBa, 134,132Cs, and 129mXe activation products, 131Cs and 133Ba radionuclide production
1. Introduction
Cross sections of charged particle induced reactions
in Cs play an important role for production of ra-
dioisotopes of Ba and Cs, used in different applica-
tions. The nuclear data are needed for production of
long-lived 133Ba, used as standard source for calibra-
tion of gamma spectrometers and for many other ap-
plications (van der Meulen et al., 2010; van der Walt
et al., 2008). Shorter-lived 134mCs was used for my-
ocardial imaging and for investigation of transport and
metabolism process of cesium and as a substitute for
potassium (Eybel et al., 1979). The pure EC decay-
ing 131Cs (X-ray emitter) gained application in inter-
nal radio-therapy (Henschke and Lawrence, 1965; Mur-
phy et al., 2004) . We have started earlier a system-
atic investigation on the possibility of production 131Cs
at a cyclotron. The study includes series of new ex-
perimental measurements of proton, deuteron and al-
pha induced reactions on natCs, natBa, 131Xe and natXe,
and a critical evaluation of the experimental data re-
ported in the literature (Ta´rka´nyi et al., 2010, 2009b,
2008b, 2009a, 2008a). Simultaneously with the inves-
tigation of the production routes of medical isotopes a
∗Corresponding author: ditroi@atomki.hu
systematical study of the activation cross section data of
deuteron induced nuclear reactions is also in progress
including most of the elements, to produce an activa-
tion data library (Hermanne et al., 2008; Ta´rka´nyi et al.,
2011, 2007). A literature search for activation data of
deuteron induced reactions on Cs resulted in identifi-
cation of some publications on experimental cross sec-
tions and yield data. Baron reported cross section for
production of 134mCs by 19.4 MeV deuterons (Baron
and Cohen, 1963). Pement measured cross sections for
the 133Cs(d,2n) reaction in the 4-15 MeV energy range
(Pement and Wolke, 1966). Mocoroa studied isomeric
ratios for the 133Cs(d,2n) and 133Cs(d,p) reactions in the
9.4-28.5 MeV energy range (Mocoroa et al., 1966). Na-
towitz measured 134mCs/134gCs isomeric and yield ratios
in the 2.5-19.4 MeV deuteron energy range (Natowitz
and Wolke, 1967) . Dmitriev published cross section ra-
tios for 133Ba (9.1-22.4 MeV) (Dmitriev et al., 1973).
Neirincky measured integral yield at 16.7 MeV inci-
dent energy for production of 133mBa (Neirincky, 1977).
Dmitriev, in systematic investigations of production
yields at 22 MeV deuteron energy for cesium targets,
measured the integral yields for 133Ba,133mBa,123Xe and
134Cs (Dmitriev et al., 1983). Mukhammedov mea-
sured integral yield data for production of 133mBa, 134Cs
as a function of incident energies from 7 to 12 MeV
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deuterons (Mukhammedov et al., 1984).
2. Experimental
The excitation functions were measured up to 40
MeV via the activation technique by bombarding
stacked CsCl targets with a low intensity deuteron beam
at the AVF-930 cyclotron of the Tohoku University
(Sendai). Reactions induced on Al monitor foils were
used to refine the parameters (energy, intensity) of the
incident beam. Special care was taken in preparation
of uniform targets with well-known thickness, in deter-
mination of the energy and intensity of the bombarding
beam along the target stack and in determination of the
activities of the samples. Self-supporting pellets (120
mg/cm2) of CsCl targets were made by pressing. The
pellets were then stacked with 100 µm thick Al back-
ings and 10 µm thick Al protecting covers. To mini-
mize the water content of the targets, the stock CsCl
powder (99.9 %) was dried under vacuum and the pel-
lets were sealed in a plastic bag before irradiation. The
targets were irradiated in a He gas atmosphere. For de-
termination of the beam intensity and energy, the com-
plete excitation function of the monitor reactions were
re-measured simultaneously by using the cover (10 µm)
and the 100 µm backing Al-foils. The target stack was
irradiated with 40 MeV incident energy for about a 40
min, at 25 nA beam current. The target integrity after
the irradiation was checked. Final flux data were deter-
mined from the monitor reactions. The energy of the ex-
tracted beam was determined by a calibrated magnetic
bending set-up. Possible effect of secondary neutrons
was experimentally checked by inserting an additional
pellet beyond the charged particle stopping range. The
activity of the irradiated samples was measured with-
out chemical separation by using well-proved gamma-
spectroscopy. Due to the high initial dose rate the first
activity measurements were started around one day after
the end of bombardment, which resulted in the complete
decay of most of the short-lived radioisotopes. The sec-
ond series of gamma spectra measurement started four
days after EOB. The energy degradation along the stack
was determined by calculation and by comparison with
the re-measured 27Al(d,x)24Na monitor reactions (An-
dersen and Ziegler, 1977; Ta´rka´nyi et al., 1991, 2001)
(Fig. 1). The uncertainty of the energy scale was es-
timated by taking into account the energy uncertainty
of the primary beam, the possible variation in the target
thickness and the effect of beam straggling. The cross
sections were deduced by using the standard activation
formula, so called isotopic cross sections were calcu-
lated taking into account that Cs is monoisotopic. The
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Figure 1: Monitoring of the deuteron beam parameters with the
natAl(d,x)24Na reactions and comparison with the recommended val-
ues
decay data, the contributing reactions and the reaction
Q-values for production of the measured radioisotopes
of Ba, Cs, Xe and their longer-lived isomeric states,
taken from (Kinsey et al., 1997; Pritychenko and Son-
zogni, 2003; Sonzogni, 2005), are summarized in Ta-
ble 1. The uncertainties of the cross-sections were esti-
mated by using the error propagation formula used for
calculation (of-Weights-and Measures, 1993). The un-
certainties of the contributing factors were: number of
bombarding particles (7 %), gamma intensity data (1-3
%), detector efficiency (5 %), peak area (0.1 to 10 %),
number of the target nuclei (5 %). Typical overall un-
certainties of the cross-sections are around 12-15 %.
3. Theoretical calculations
The cross sections of the investigated reactions
were calculated using the pre-compound model codes
ALICE-IPPE (Dityuk et al., 1998) and EMPIRE-II
(Herman et al., 2007) modified for deuterons by Ig-
natyuk (D versions) (Ignatyuk, 2011). The theoretical
curves were determined using one recommended input
data-set (Belgya et al., 2005) without any optimization
or adjustment of parameters to the individual reactions
or stable target isotopes. Independent data for isomers
with ALICE-D code was obtained by using the isomeric
ratios calculated with EMPIRE. The experimental data
are also compared with the cross section data reported in
the TENDL-2014 (Koning et al., 2014) nuclear reaction
data library. The TENDL library was developed on the
base of the TALYS nuclear model code system (Koning
and Rochman, 2012) for direct use in both basic physics
and applications (default TALYS calculations).
2
Table 1: Decay characteristic of the investigated reaction products 133m,133mg,131mgBa, 134,132Cs, and 129mXe
Nuclide
Jpi
level(keV)
Half-life Decay
mode (%)
Eγ (keV) Iγ (%) Contributing
process
Q-value
(keV)
133mBa
11/2−
288.252
38.93 h IT:99.9896
EC:0.0104
275.925 17.69 (d,2n) -3524.266
133Ba
1/2+
10.551 a EC:100 276.3989
302.8508
356.0129
383.8485
7.16
18.34
62.05
8.94
(d,2n) -3524.266
131mBa
9/2−
14.6 min IT:100 108.45 55.44 (d,4n) -20536.57
131Ba
1
2
+
11.5 d EC:100 123.804
216.088
373.256
496.321
29.8
20.4
14.40
48.0
(d,4n) -20536.57
134mCs
8−
138.7441
2.912 h IT:100 127.502 12.6 (d,n) 5943.524
134Cs
4+
2.0652 a β− :99.9997
ε: 0.0003
563.246
569.331
604.721
795.864
801.953
8.338
15.373
97.62
85.46
8.688
(d,n) 5943.524
132Cs
2+
6.479 d β− : 1.87
EC: 98.13
667.714 97.59 (d,p2n), -11210.57
131Cs
5/2+
9.689 d EC:100 (d,p3n)
131Ba decay
-18379.26
127Cs
1/2+
6.25 h β+ :100 124.70
411.95
462.31
587.01
11.38
62.9
5.08
4.21
(d,p7n) -52483.27
129mXe
11/2−
236.14
8.88 d IT:100 196.56 4.59 (d,2p4n) -33102.375
Increase the Q-values if compound particles are emitted by: np-d, +2.2 MeV; 2np-t, +8.48 MeV; n2p-3He, +7.72 MeV; 2n2p-α, +28.30 MeV. In the case of excited states decrease the Q-value with the level energy (higher threshold).
4. Experimental results
The numerical values of the recently measured cross-
sections of the investigated reactions are collected in Ta-
ble 2. The excitation functions are shown in Figs. 2-8.
4.1. The 133Cs(d,2n)133mBa, 133gBa(m+) reactions
No cross section data have been earlier reported for
production of the 133mBa (T1/2 = 38.9 h) metastable state
(Fig. 2). The values in TENDL-2014, the calculated re-
sults of ALICE-D and EMPIRE-D all overestimate the
experimental data in different proportions. We could
find only one earlier experimental data set for the cu-
mulative activation cross section of the ground state of
133gBa (T1/2= 10.52 a) after the decay of the isomeric
state, reported by (Pement and Wolke, 1966). There is
an acceptable agreement with our results in the over-
lapping energy region (Fig. 3). There are large differ-
ences in magnitude between the TENDL-2014 theoreti-
cal results and the experimental data. The predictions of
EMPIRE-D are rather well describing the experimental
values over the whole studied energy range, while the
ALICE-D values are decreasing too fast above 12 MeV.
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Figure 2: Excitation function of the 133Cs(d,2n)133mBa reaction
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Figure 3: Excitation function of 133Cs(d,2n)133gBa(m+) reaction
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Figure 4: Excitation function of 133Cs(d,4n)131gBa(m+) reaction
4.2. The 133Cs(d,4n)131gBa(m+) reaction
Due to the long cooling time we could not assess
cross section data for the short-lived 131mBa metastable
state (T1/2 = 14.6 min). The cross sections for 131gBa
(T1/2 = 11.5 d) obtained after total decay of the isomeric
state (m+) are shown in Fig. 4. The model calculation
results in TENDL-2014 support our result both in shape
and in magnitude. The EMPIRE-D and ALICE-D are
overestimating the experimental values and show oppo-
site energy shifts of the maximum position.
4.3. The 133Cs(d,p)134gCs(m+) reaction
The excitation function for production of 134gCs (Fig.
5) was measured after the total decay of the short-lived
meta-stable state (T1/2 = 2.912 h, IT = 100%) to the
long-lived ground state (T1/2 = 2.0652 a). The agree-
ment with the rather scattered data of (Natowitz and
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Figure 5: Excitation function of 133Cs(d,p)134gCs(m+) reaction
Wolke, 1967) is reasonable, where it is possible to com-
pare. The deep valley around 10 MeV in Natowitz re-
sults could be reproduce neither with our measurement
(no data in this region) nor with the model codes. The
significant underestimation of the experimental (d,p)
cross section data in the TENDL-2014 library can be
observed also in this case. The values predicted by
ALICE-D and EMPIRE-D are overestimating the max-
imum by a factor of two. In Fig. 5 we also present the
predictions for (d,p) reactions coming from systematics
in this mass region.
4.4. The 133Cs(d,p2n)132Cs reaction
The measured cross section data of 132Cs (T1/2 =
6.479 d) are shown in Fig. 6 in comparison with the
theoretical predictions of TENDL-2014, ALICE-D and
EMPIRE-D. While agreement for the TALYS based re-
sult is acceptable, the two other codes strongly under-
estimate the experimental data. No earlier cross section
data are available.
4.5. The 133Cs(d,p3n)131Cs reaction
We could not measure the direct production of 131Cs
(T1/2 = 9.689 d) as this radionuclide decays without
emission of gammas and can only be quantified by a
dedicated series of measurements of the complex X-ray
spectrum. To estimate the possibilities for direct for-
mation of the medically important 131Cs we present in
Fig. 7 the predictions of our ALICE-D and EMPIRE-
D calculations together with the TALYS results in the
TENDL-2014 library.
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Figure 6: Excitation function of 133Cs(d,p2n)132Cs reaction
0
100
200
300
400
500
600
0 20 40 60 80
C
ro
ss
 s
ec
tio
n 
(m
b)
Deuteron energy (MeV)
133Cs(d,x)131Cs
TENDL 2014
ALICE-D
EMPIRE-D
Figure 7: Theoretical excitation functions of 133Cs(d,p3n)131Cs reac-
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Figure 8: Excitation function of the 133Cs(d,2p6n)129mXe reaction
4.6. The 133Cs(d,2p6n)129mXe
The radio isotope 129Xe has two longer-lived isomeric
states: the T1/2 = 8.88 d half-life metastable state and
the stable ground state. The practical threshold of 20
MeV shows that 129mXe is produced at lower energy
directly via a 133Cs(d,α2n) reaction and not by emis-
sion of independent nucleons. The measured excitation
function for production of 129mXe is shown in Fig. 8 in
comparison with the theoretical results. Here the results
of ALICE-D and TENDL-2014 describe well the shape
and values of our few experimental points. EMPIRE-
D seems to be too large, but it reflects the effect of
alpha-channels, description, which differs very strongly
in ALICE and EMPIRE (different pre-equilibrium mod-
els).
5. Integral yields
Based on the experimentally determined cross sec-
tions we have calculated the differential and integral
yields of the produced radio-isotopes. The yields are so
called physical yields, calculated for an instantaneous
irradiation (Bonardi, 1987; Otuka and Taka´cs, 2015).
Figs. 9 and 10 show the integral yields for the pro-
duction of the investigated radionuclides of Ba, Cs and
Xe in comparison with the few experimental integral
yield data in the literature (see literature review in the
introduction). The experimental thick target yield are in
good agreement in the case of 133mBa and 134gCs with
our yield data deduced from experimental cross sec-
tions. In the case of 133gBa the previous data are some-
what higher, and there are no previous measurements
for the rest of the radioisotopes.
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Table 2: Experimental cross sections of the investigated reaction products:
Deuteron energy 131gBa 133mBa 133gBa 132gCs 134gCs 129mXe
MeV mb
E dE σ ± dσ
38.9 0.3 666.1 72.1 50.9 4.9 277.1 30.0 42.4 6.1 8.1 4.2
36.2 0.4 821.1 88.8 65.9 6.3 304.5 32.9 48.6 7.1 10.9 4.3
33.3 0.4 617.3 66.8 65.3 6.2 230.6 24.9 50.7 7.3 12.0 4.8
30.2 0.5 392.8 42.5 70.3 6.7 52.2 11.9 170.7 18.5 67.1 7.7 6.5 3.3
26.9 0.6 146.5 15.9 89.8 8.5 156.6 28.8 118.4 12.8 64.8 7.5 8.6 4.4
23.3 0.7 8.1 0.9 140.2 13.3 173.8 22.4 69.4 7.5 81.0 9.2 1.7 0.4
19.3 0.8 262.8 24.9 345.2 35.1 34.8 3.8 103.8 11.5
14.5 0.9 404.5 38.4 586.8 57.4 23.1 2.5 132.0 14.8
8.0 1.0 97.6 9.3 192.4 19.9 5.4 0.6 120.3 13.3
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Figure 9: Integral yields for production of radioisotopes of Ba by
bombarding 133Cs with deuteron
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Figure 10: Integral yields for production of radioisotopes of Cs and
Xe by bombarding 133Cs with deuterons
6. Production of 131Cs and 133Ba
6.1. 131Cs
As it was discussed in more detail in our previ-
ous paper (Ta´rka´nyi et al., 2009b) for commercial use
131Cs is presently produced at high flux nuclear re-
actors by radioactive decay of its 131Ba mother ob-
tained through neutron capture on naturally occur-
ring 130Ba (natural Ba contains only 0.106 % 130Ba)
or on enriched 130Ba targets. As it was mentioned,
we have studied already a few charged particle in-
duced production routes for 131Ba/131Cs and we com-
pared the 131Xe(p,n), 127I(α, γ), 132Ba(p,x) natBa(p,x),
133Cs(p,3n), 129Xe(α,2n), natXe(α,xn) reactions. The
yields of the most practical low and medium energy
charged particle production routes (Ta´rka´nyi et al.,
2009b), completed with our new experimental results
on 133Cs(d,4n) reaction are summarized in Fig. 11. Ac-
cording to Fig. 11 out of the possible charged parti-
cle production routes the indirect production through
the132Ba(p,x) reaction is the most productive, but the
isotopic abundance of the 132Ba is only 0.101 %. The
133Cs(p,3n)131Ba reaction also has high yield and al-
lows using targets with natural (mono)isotopic compo-
sition. The situation is similar in case of relying on the
133Cs(d,4n) reaction, but a higher energy accelerator is
required. The direct production of 131Cs through the
131Xe(p,n) reaction has also reasonable yield and this
production route starts at the lowest energy.
6.2. 133Ba
The production of 133Ba via a (n,γ) reaction on 132Ba
(which has a 0.101 % natural abundance) in a nuclear
reactor has been reported, but the product is not car-
rier free. The cyclotron production of no carrier added
133Ba is possible using charged particle induced reac-
tions: via (p,n) or (d,2n) reactions on monoisotopic
133Cs, via 132Xe(α,3n) natXe(α,xn), 131Xe(3He,n) and
natXe(3He,xn) reactions on gas targets using less fre-
quently available and nowadays very expensive 3He
6
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Figure 11: Integral yields for production of 131Cs in 131Xe(p,n)
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Figure 12: Integral yields for production 132Xe(α,3n) natXe(α,xn),
133Cs(p,n) and 133Cs(d,2n) (present work) reactions
beams. The yields of the most important charged par-
ticle production routes, completed with our new exper-
imental results on 133Cs(d,2n) reaction are summarized
in Fig. 12. The 3He induced reactions are not presented
in Fig. 12 because of the reason mentioned above. The
yield calculations are based on fitted experimental cross
section data, or TENDL-2014 theoretical results when
experimental data are missing. According to Fig. 12,
out of the possible charged particle production routes,
the 133Cs(p,n) and the 133Cs(d,2n) reactions are the most
productive. In this range of mass numbers the maximum
cross sections of the (p,n) and the (d,2n) reactions are
comparable. At higher mass numbers the (d,2n) cross
sections become significantly higher.
7. Summary and conclusions
We present experimental cross sections for the nu-
clear reactions 133Cs(d,x)133m,133mg,131mgBa, 134,132Cs,
and 129mXe up to 40 MeV deuteron energies. The new
data are first experimental activation data sets, except
for 133Ba and 134Cs. The comparison with the recently
published TENDL-2014 library shows only moderate
agreement in few cases, and completely missing in other
cases. Also the D-versions of the ALICE-IPPE and
EMPIRE-II codes (specially adapted for deuteron in-
duced reaction) are still largely deviant from the exper-
imental data. The possible use of our experimental data
for production 131Ba/131Cs and 133Ba (section 6.) was
discussed in comparison with other production routes,
showing the importance of deuteron induced reactions
in production of the above mentioned medically impor-
tant radioisotopes.
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